Introduction: The objective was to determine the effects of growth factor treatment on dental pulp cell sensitivity to toxicity of two composite restoration materials, Flow Line and Durafill VS, and a calcium hydroxide pulp capping material, Dycal. Methods: Toxicity of the dental materials to cultures of primary dental pulp cells was determined by the MTT metabolism assay. The ability of six different growth factors to influence the toxicity was tested. Results: A 24 hour exposure to either Flow Line or Durafill VS caused approximately 40% cell death, while Dycal exposure caused approximately 80% cell death. The toxicity of Flow Line and Durafill VS was mediated by
Introduction
Direct pulp capping involves covering the exposed pulp with the intent of preserving its viability. The goal is to not only provide a protective coat, but to also stimulate dentin bridge formation. Calcium hydroxide has traditionally been the most commonly used pulp capping material because it can stimulate dentin bridge formation (1) and appears to stimulate healing and repair (2) . However, the success rate of pulp capping has been highly variable (3) , and its effectiveness has been questioned (4) . The concerns regarding the use of calcium hydroxide involve: a high rate of tunnel defects in dentin bridges under calcium hydroxide, it may dissolve, it may degrade upon tooth flexure, and it has been shown to pull away from the cavity surface leaving a gap between the calcium hydroxide and the dentin (2, 5) . A further complication of treatment involving calcium hydroxide is that if this therapy fails, subsequent endodontic therapy is difficult due to calcification in the root canal (6) . A potential alternative to the use of calcium hydroxide is the use of growth factors. Growth factors are naturally occurring proteins that cause cellular proliferation, differentiation and maturation. Specifically, they have been shown to stimulate odontoblast differentiation and dentin formation (7, 8) . An advantage of growth factors over calcium hydroxide is that they stimulate the formation of reparative dentin that is mainly superficial to the pulp tissue, while the effects of calcium hydroxide are often at the expense of the pulp tissue (9) . However, before growth factor treatments can be fully implemented, further studies need to be conducted to understand in detail their effects on pulp cells.
In the current study we tested the effects of the growth factors, bone morphogenic peptide-2 and 7 (BMP-2 and 7), fibroblast growth factor-2 (FGF-2), epidermal growth factor (EGF), transforming growth factor-β (TGF-β), and insulin-like growth factor-I (IGF-I), on dental pulp cells to determine if they alter the cells sensitivity to toxicity of composite restoration materials and a calcium hydroxide pulp capping material. Each of the growth factors was chosen because it has been shown to alter pulp cell growth or differentiation. BMP-2 can induce differentiation of odontoblasts (10, 11) is produced in developing teeth (12) , and can induce dentin formation in vivo (13) . BMP-7 is expressed in developing teeth (14) and can induce the formation of reparative dentin in an in vivo model (15) . BMP-7 has also been shown to cause increased extracellular matrix secretion in vitro (16) . FGF-2 is expressed during tooth development (17) , it has been associated with tooth morphogenesis (18) , and it promotes the differentiation of dental pulp cells into odontoblasts in culture (19) . EGF is a mitogenic protein that stimulates proliferation and differentiation of a wide variety of cell types. The receptor for EGF has been shown to be present in differentiating odontoblasts (20) and EGF is expressed in developing teeth (21) . TGF-β can stimulate primary odontoblasts (10) , is expressed in developing teeth (22) , and increases alkaline phosphatase activity and formation of mineralization nodules (23) . IGF-I is produced in response to growth hormone and induces subsequent cellular alterations. Specifically, It has been shown to increase alkaline phosphatase activity in cultured dental pulp cells (24) and can enhance reparative dentinogenesis in vivo (25) . Some of the growth factors being tested are already in clinical use for other applications; IGF-1 is used to treat IGF-1 deficiency, BMP-2 and 7 are used enhance bone growth (26, 27) , and EGF has been used to enhance wound healing (28) .
The aim of the present study was to test whether growth factors can alter the sensitivity of pulp cells to the toxicity of dental materials. We studied the effects of growth factor treatment on the toxicity of two commonly used restoration materials (Flow Line and Durafill VS), and a commonly used calcium hydroxide based pulp capping material (Dycal). An emphasis was placed on the toxicity of restoration granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier.
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materials because a goal is to eventually replace traditional pulp capping materials with treatment involving growth factors. 
Materials and methods

Materials
Subjects and human dental pulp cell cultures
Normal human impacted third molars were collected from adults at the Marquette University School of Dentistry Surgical Services Department with informed consent under a protocol approved by the Institutional Review Board at Marquette University. Tooth surfaces were cleaned and cut around the cementum-enamel junction by using sterilized diamond stones to access the pulp chamber. The pulp tissue was separated from the tooth and digested in a solution of 3 mg/ml collagenase type I and 4 mg/ml dispase for 1 hour at 37°C (29, 30) . The cells were then plated onto 24-well plates coated with poly-Dlysine and laminin in Eagle's medium supplemented with 20% fetal calf serum/100 μM L-ascorbic acid 2-phosphate/2 mM L-glutamine/100 units/ml penicillin/100 μg/ml streptomycin, and then incubated at 37°C with 5% CO2 Growth factors (100 ng/ml) were added at the time of plating on 24 well plates for experiments. Toxicity experiments were performed on cultures 6-8 days in vitro. Growth factors were added at plating to achieve their maximal effect of the differentiation of the cultures. The effects of growth factors on cell viability was assessed using the MTT assay at the time of the experiments.
Preparation of dental materials and exposure to cultures
Flow Line, Durafill VS, and Dycal were prepared according to the manufacturer's instructions. The freshly prepared materials were granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier.
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placed into the wells containing cultured cells for 24 hours in media similar to plating media except lacking serum. The weights of the materials used were: Flow Line: 6.4 ± .6 mg; Durafill VS: 6.6 ± .4 mg; Dycal: 2.2 ± .1 mg. The dental materials are light and caused no obvious physical damage to the cells. In experiments where trolox or ZVAD were tested, they were present during the 24 hour exposure to the dental materials.
Cell viability assessment
Cell injury was quantified by the measurement of the reduction of 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl-tetrazolium bromide (MTT) to produce a dark blue formazan product (31) . MTT was added to each well 24 hours after the beginning of the insult to the cells. After a 30 minute incubation, the media was removed, and cells dissolved in DMSO. The formation of formazan was measured as the amount of reaction product by absorbance change at a wavelength of 590 nm using a VersaMax tunable microplate reader (Molecular Devices, Sunnyvale, CA). Levels of formazan formation from cultures exposed to 10 μM of the calcium ionophore A23187 (100% cell death) were subtracted from insult formazan levels, and results were normalized to a sham wash.
Statistical analysis
Statistical calculations were performed using one-way ANOVA followed by the Bonferroni t-test. P-values <0.05 were considered to indicate significant differences. Each individual well is considered an n = 1. Data is presented as mean + SEM.
Results
We first tested whether 24 hour exposure to Flow Line, Durafill VS, or Dycal was toxic to dental pulp cells as measured by the MTT metabolism assay. Each of the compounds was toxic, with Flow Line and Durafill VS inducing similar toxicity, and Dycal causing significantly greater toxicity (Fig 1) . To obtain an indication of the mechanism of toxicity induced by each of the compounds we tested the protective effects of trolox and Z-Val-Ala-Asp-fluoromethylketone (ZVAD). Trolox is a free radical scavenger and if it had protective effects that would indicate an oxidative stress mediated cell death, while ZVAD is a general caspase inhibitor and if it had protective effects that would indicate an apoptotic cell death. Trolox was protective against both Flow Line and Durafill VS toxicity, but had no effect on Dycal toxicity (Fig 2) , suggesting that oxidative stress played a role in the death process induced by Flow Line and Durafill VS. ZVAD was not protective against the toxicity induced by any of the compounds (Fig 2) , suggesting that the death did not occur through caspase mediated apoptosis. The toxicity of Flow Line and Durafill VS is attenuated by the free radical scavenger trolox (100 μM), but not by the caspase inhibitor ZVAD (100 μM). The toxicity of Dycal is not attenuated by either compound. The trolox and ZVAD were present during the 24 hour exposure to the dental materials. Control represents MTT levels in untreated cultures and is defined as 100% cell survival. Bars show % cell survival (mean ± SEM, n=12-16) quantified by inhibition of MTT reduction. * indicates significant difference from control (P < 0.05).
We next tested the effects of six different growth factors that have been implicated in pulp cell differentiation on their ability to induce resistance to toxicity. Treatment with BMP-2 caused decreased basal MTT metabolism values and prevented Durafill VS toxicity. However, Flow Line remained toxic and Dycal killed even more cells (Fig 3A) . Treatment with BMP-7, EGF, and TGF-β all had similar effects; they caused decreased basal MTT metabolism, increased cell survival in the presence of Flow Line and Durafill VS, but did not prevent Dycal toxicity (Fig 3B, D , and E). Treatment with FGF-2 caused no change in basal MTT metabolism, increased cell survival in the presence of Durafill VS, increased Flow Line toxicity, and had no effect on Dycal toxicity (Fig 3C) . Finally, IGF-I actually increased the basal levels of MTT metabolism and increased the cell survival in the presence of Flow Line and Durafill VS toxicity, while it had no effect on Dycal toxicity (Fig 3F) . 
Discussion
There are two main findings from this study. First, the calcium hydroxide pulp capping material Dycal is highly toxic to pulp cells and growth factors are not able to alter that toxicity. Second, specific growth factors can make pulp cells resistant to composite restoration material toxicity.
Dycal has been shown previously to be toxic (32) . This is not surprising in that it is a bioactive compound used to stimulate pulp cells, bioactive substances are more likely to be toxic. Still the toxicity is a concern. Direct comparison of the relative toxicity of the different materials was not the purpose of these studies. The objective was to determine the mechanism of toxicity and how growth factors alter that toxicity, therefore rigorous matching of the weight or size of the different materials was not attempted. Altering the size, shape, or weight of the dental materials, as well as washing the materials before adding them to the cultures could change the results. The use of other pulp capping materials is being explored. Mineral trioxide aggregate (MTA) has low toxicity (32, 33) and has been shown to be an effective pulp capping material (34) . However, whether it is effective in the long-term, and with general use, is yet to be fully determined.
Following pulp capping, a restoration must be applied. Therefore, toxicity of not only the pulp capping material, but also the restoration material must be considered. This is particularly true when calcium hydroxide is used as the pulp capping agent since it has been shown to be mechanically weak and soluble over time, allowing for possible leakage from the restoration to the dental pulp (2) . Restoration material toxicity would also be of concern if growth factors were used instead of a traditional pulp capping material. While the potential toxicity of composite restoration materials has received less attention than amalgam, they contain compounds such as methacrylates, that can cause toxicity (35) .
We tested the effects of two pharmacological agents to gain some understanding of the mechanism of cell death induced by the granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier. 10 dental materials. Flow Line and Durafill VS were similar in that the free radical scavenger, trolox, but not the general caspase inhibitor, ZVAD, was protective. The protective effect of trolox suggests that Flow Line and Durafill VS induce free radical mediated cell death. The lack of protection by ZVAD suggests that caspase mediated apoptosis is not occurring in any of these conditions. It will be of interest to determine whether the protective effects of the growth factors are specific for free radical mediated cell death, and by what mechanism that protection is provided.
While each of the growth factors tested have been shown to have effects on dental pulp cell growth or differentiation, they had different effects in these studies. We have shown previously that EGF, FGF-2, TGF-β, or BMP-2, but not BMP-7 or IGF-I, induced a visible change in the appearance of the cells (30) . In the current studies, we found that four of the growth factors tested (BMP-2, BMP-7, EGF, and TGF-β) decreased the basal MTT values, suggesting altered differentiation or growth of the cells. In each case the cells became resistant to Flow Line and Durafill VS toxicity, except for treatment with BMP-2, which made the cells more sensitive to Flow Line toxicity. Decreased basal MTT metabolism was not the determining factor regarding resistance to toxicity as treatment with IGF-I increased basal MTT metabolism and still made the cells resistant to Flow Line and Durafill VS toxicity. None of the growth factors made the cells resistant to Dycal toxicity.
In conclusion, the finding that Dycal was highly toxic, and the toxicity could not be attenuated by pharmacological agents or growth factors, raises concerns regarding its use in applications involving direct exposure to dental pulp cells. The results also show that growth factors can be used to alter the sensitivity of dental pulp cells to commonly used restoration materials, but that this effect is both growth factor and restoration material dependent. The growth factors BMP-7, EGF, TGF-β, and IGF-I provided the best profile of effects, making the cells resistant to both Flow Line and Durafill VS toxicity. The mechanism by which this alteration in sensitivity to toxicity occurs requires further study.
